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ϩ channel (ENaC) in the aldosterone-sensitive distal nephron. As previously described, these hormones both acutely increase ENaC activity in freshly isolated split open tubules and cultured principal cortical collecting duct cells. The present study was aimed at differentiating the effects of insulin and IGF-1 on Na ϩ transport in immortalized mpkCCDcl4 cells and defining their interrelations. We have shown that both insulin and IGF-1 applied basolaterally, but not apically, enhanced transepithelial Na ϩ transport in the mpkCCDcl4 cell line with EC50 values of 8.8 and 14.5 nM, respectively. Insulin treatment evoked phosphorylation of both insulin and IGF-1 receptors, whereas the effects of IGF-1 were more profound on its own receptor rather than the insulin receptor. AG-1024 and PPP, inhibitors of IGF-1 and insulin receptor tyrosine kinase activity, diminished insulin-and IGF-1-stimulated Na ϩ transport in mpkCCDcl4 cells. The effects of insulin and IGF-1 on ENaC-mediated currents were found to be additive, with insulin likely stimulating both IGF-1 and insulin receptors. We hypothesize that insulin activates IGF-1 receptors in addition to its own receptors, making the effects of these hormones interconnected.
insulin; insulin-like growth factor 1; cortical collecting duct; epithelial Na ϩ channel; Na ϩ transport; kidney; tyrosine kinase INSULIN RECEPTOR (IR) signaling is crucial for renal function in various segments of the kidney, particularly in glomeruli and tubules (19, 20) . Its compromised action leads to a number of renal complications, including but not limited to hypertension, altered nutrient reabsorption, and glomerular diseases (38) . Several groups in the 1990s characterized IR expression in the kidney using autoradiography (31) and 125 I-labeled insulin binding in microdissected tubules (10) ; these experiments allowed the localization of IR to glomeruli, medullary vascular bundles, proximal convoluted tubules, distal convoluted tubules, outer medullary and cortical collecting ducts (CCDs), and cortical thick ascending limbs (TAL) of the loop of Henle. Most recently, using highly specific IR antibodies, Tiwari et al. (37) demonstrated that the IR is expressed in the proximal tubule, TAL, and collecting duct. IGF-1 is structurally similar to insulin, and its own IGF-1 receptor (IGF-1R) shares a high degree of homology with the IR (25, 30) . Both receptors are members of the receptor tyrosine kinase family and are encoded by genetic loci believed to have evolved from a common ancestral gene (25) . Insulin and IGF-1 are known to enhance Na ϩ reabsorption in the nephron; however, the role of IGF-1 in this process in much less defined and understood.
Insulin has been shown to stimulate Na ϩ reabsorption in the proximal tubule, TAL, and distal tubules, including CCDs (1, 9, 14, 23, 27, 35) . Previous studies (11, 12) in dogs and humans have suggested that the distal tubule is the major nephron segment characterized by insulin-dependent Na ϩ transport. The activity of epithelial Na ϩ channels (ENaC), which represent the rate-limiting step for Na ϩ reabsorption in the distal nephron, has been shown to be upregulated by insulin ex vivo in the collecting duct or in cell cultures (5, 6, 13, 24, 32, 41) . Activation of ENaC by IGF-1 has also been reported (3, 4, 18, 33) . IGF-1 mRNA-positive cells have been found in collecting ducts and distal tubules (34) . Net Na ϩ flux in a classical model of the mammalian distal nephron, the toad urinary bladder, is stimulated by concentrations of IGF-1 as low as 0.1 nM, and the maximal response has been detected at 10 nM (3). In the Madin-Darby canine kidney line of collecting duct cells, IGF-1 increased amiloride-sensitive Na ϩ transport along with aldosterone and antidiuretic hormone (7). Blazer-Yost et al. (8) demonstrated in 1992 that the majority of IR were associated with the basolateral membrane, whereas IGF-1R were found on basolateral and apical membranes. Gonzales-Rodriguez et al. (18) compared the effects of insulin and IGF-1 in a mCCD cl1 cell model. Their data revealed that this cell line was highly responsive to IGF-1, but not insulin, and they observed that insulin and IGF-1 effects were mainly mediated through IGF-1Rs and not IR. We (33) have also demonstrated that IGF-1 has acute effects on ENaC activity in isolated rat split open tubules.
We have recently benefited from knowledge obtained from transgenic mice lacking IR in specific parts of the nephron (26, 39) . It has been shown that knockout of IR from portions of the renal tubule, including the TAL through the collecting duct, using a Ksp-cadherin promoter-targeted Cre-recombinase in these animals resulted in an impaired ability to excrete NaCl load, 50% reduced urinary nitric oxide excretion, and surprisingly elevated blood pressure (39) . A previous study (26) There is evidence that insulin can act through the IGF-1R and, likewise, that IGF-1 can signal via the IR, although the affinities are different (20) . In general, accumulated findings suggest that physiological functions of IR and IGF-1R can be overlapping. For instance, recent data from our laboratory suggest that insulin and IGF-1 have a common stimulatory effect on ENaC mediated by the production of ROS (22) . When studied in cultured cells, the two receptors are capable of producing similar cellular responses (25) . However, some data support a concept that the actions of these hormones can be significantly different depending on the tissue where they are expressed (18) . The present study was designed to examine the cross-talk between insulin, IGF-1, and their receptors in a model of mouse CCD cells (mpkCCD cl4 cells).
MATERIALS AND METHODS
Cell culture. Immortalized mouse CCD principal cells (mpkCCDcl4 cells) were kindly provided by Dr. A. Vandewalle (Institut National de la Santé et de la Recherche Médicale, Paris, France) and grown in defined medium in cell culture flasks as previously described (2, 22, 33) . Cells were then seeded onto permeable supports (Costar Transwells, 0.4 m pore, 24-mm diameter) at a density of 0.2-0.3 ϫ 10 6 cells/filter. mpkCCDcl4 cells were kept on filter supports for at least 7 days, and the medium was changed every second day. Cells were maintained with FBS and dexamethasone, allowing them to polarize and form a monolayer with high resistance and avid Na reabsorption. Growth medium was composed of equal volumes of DMEM and Ham's F-12, 60 nM Na ϩ selenate, 5 g/ml transferrin, 50 nM dexamethasone, 1 nM triiodothyronine, 10 ng/ml EGF, 5 g/ml insulin, 2% FCS, and 100 g/ml penicillin-streptomycin. Cells were grown in a 5% CO 2-95% air atmosphere incubator at 37°C. Typically, after 7 days, a confluent transporting cell monolayer developed, which was subsequently assessed by recording voltage and transepithelial resistance. Eighteen hours before use in any experiment, the medium of the cells incubated on filter supports was replaced with minimal medium that contained only DMEM, Ham's F-12, and antibiotics.
Equivalent open-circuit current experiments. Transepithelial Na ϩ current across the mpkCCDcl4 cell monolayer was calculated according to Ohm's law as the quotient of transepithelial voltage to transepithelial resistance using a Millicel Electrical Resistance System (Millipore, Billerica, MA) to measure voltage and resistance as previously described (21, 22) . To determine the net Na ϩ transport through ENaC, 10 M amiloride was added to the apical cell surface at the end of each experiment. Western blot analysis. mpkCCDcl4 cells were washed twice in PBS and lysed in buffer as previously described (28) . Equal amounts of proteins were separated using 10 -20% SDS-PAGE, electrophoretically transferred onto nitrocellulose membranes (Millipore), immunoblotted with the appropriated antibody, and visualized by enhanced chemiluminescence (Amersham Biosciences, Piscataway, NJ).
Chemicals and antibodies. Insulin (catalog no. I6634) and IGF-1 (catalog no. 200-05) were purchased from Sigma-Aldrich (St. Louis, MO) and Shenandoah Biotechnology (Warwick, PA), respectivley. Anti-phosphorylated (p)IR antibody (ab60946) was from Abcam (Cambridge, MA); anti-IR (sc-710), anti-pIGR-1R (sc-101704), and anti-IGF-1R (sc-713) antibodies as well as PPP (sc-204008) were from Santa Cruz Biotechnology. AG-1024 (catalog no. 121767) was purchased from EMD Millipore (Darmstadt, Germany).
Statistics. Figure preparation and statistical analyses were carried out using MicroCal Origin software 9.0 (OriginLab). Dose responses were calculated using Pharmacology/DoseResp analyses in Origin 9.0 software. All summarized data are reported as means Ϯ SE. Statistical differences were tested with either Student's (two-tailed) t-test or one-way ANOVA. Significance was defined at P Ͻ 0.05.
RESULTS

Insulin and IGF-1 enhance amiloride-sensitive currents across monolayers of mpkCCD cl4 cells. The effects of insulin
and IGF-1 were tested on polarized monolayers of mpkCCD cl4 cells, which develop robust amiloride-sensitive transepithelial Na ϩ transport. Various concentrations of insulin (1-200 nM) and IGF-1 (1-500 ng/ml) were applied basolaterally at the beginning of the experiment, and changes in transepithelial ENaC-mediated current were monitored in response to these drugs. Figures 1 and 2 show changes in amiloride-sensitive currents across mpkCCD cl4 monolayers in response to different concentrations of insulin ( Fig. 1 ) and IGF-1 (Fig. 2) . EC 50 values for insulin and IGF-1 were 8.8 Ϯ 2.4 and 14.5 Ϯ 0.5 nM (110.5 Ϯ 4.2 ng/ml), respectively. EC 50 values were calculated at the time points corresponding to peaks of the response (2 and 4 h for insulin and 6 h of treatment with IGF-1). Summarized dose-response curves are shown in Figs. 1B and 2B, respectively. We also tested apical applications of both insulin and IGF-1 (see Fig. 3 , A and B, for insulin and IGF-1 applications, respectively), which had no effect on recorded currents, as distinct from the basolateral application.
Effects of IGF-1 and insulin on expression levels of total IGF-1, pIGF-1, and IR in mpkCCD cl4 cells. We tested expression levels of IGF-1R and IR in response to insulin and IGF-1. After stimulation, mpkCCD cl4 cell lysates were obtained, and Western blot analysis was conducted using IR, IGF-1R, and their respective phospho-specific antibodies. As shown in Fig.  4 , A and B, expression levels of total IGF-1R and IR were not significantly altered by incubation with saturating concentrations of insulin or IGF-1 separately or together for 4 h [100 nM insulin and 200 ng/ml (ϳ25 nM) IGF-1]. Moreover, we tested the effects of PPP and AG-1024 on levels of total IGF-1R and IR. These compounds are cell permeable and act as competitive, reversible, and potent inhibitors of IGF-1R and IR and exhibit little effect toward other members of the receptor tyrosine kinase family, such as the FGF receptor and EGF receptor. As shown in Fig. 4 , A and B, neither incubation with 500 nM PPP (overnight) nor 500 nM AG-1024 (right before application of the hormones) exhibited any effect on total levels of IGF-1R or IR within cells in the absence of insulin or IGF-1 stimuli. Representative Western blot images and summarized data normalized to ␤-actin are shown in Fig. 4 , top and bottom, respectively. Figure 5 , A-C, shows the effects of insulin and IGF-1 on levels of their phosphorylated receptors. Both insulin and IGF-1 increased phosphorylation of IR and IGF-1R. However, the overall increase in pIGF-1R phosphorylation in response to both insulin and IGF-1 was much more profound compared with IR phosphorylation. Neither PPP nor AG-1024 exhibited any influence on expression levels of pIR and pIGF-1R in the absence of hormonal stimuli. As shown in Fig. 5C , AG-1024 exhibited rather specific action on the phosphorylated form of IGF-1R; pIR levels were not altered by AG-1024 in the presence of either of the hormones. Interestingly, as shown in Fig. 5, A and B , application of both insulin and IGF-1 produced an additive effect on pIGF-1R expression, which was not observed for pIR. cl4 cell monolayers. Further experiments tested the effects of IGF-1R and IR inhibitors PPP and AG-1024 on insulin-and IGF-1-stimulated currents. mpkCCD cl4 cell monolayers grown on permeable supports were treated overnight with 500 nM PPP or vehicle and then stimulated with vehicle (control) or 12 nM IGF-1 (100 ng/ml). As shown in Fig. 6A , over the 24-h recording period, PPP significantly reduced the stimulatory effect of IGF-1, whereas overnight treatment with the compound itself did not have any significant effect on basal levels of the amiloride-sensitive current.
Inhibitors of IGF-1R and IR (PPP and AG-1024) decrease amiloride-sensitive insulin-or IGF-1-stimulated currents in mpkCCD
AG-1024 is known to be a cell-permeable, reversible, and specific inhibitor of IGF-1R and IR tyrosine kinase activity but exhibits lower IC 50 values for IGF-1 (0.4 M) than for IR. AG-1024 (500 nM) was applied immediately before transepithelial current measurements were started. As shown in Fig.  6B , AG-1024 itself did not cause any changes in basal levels of ENaC-mediated currents; however, treatment with this drug partially prevented the development of IGF-1 and insulinstimulated responses (compared with treatment with IGF-1 or insulin only).
Additive effects of insulin and IGF-1 on ENaC-mediated currents in the mpkCCD cl4 cell line. As shown in Fig. 5 , there was an additive effect of insulin and IGF-1 treatment on levels of pIGF-1R, whereas pIR was not additively stimulated by IR and IGF-1. We further tested if there were similar effects on treatment did not produce any additional increase, whereas treatment with insulin over IGF-1 resulted in significant additive amiloride-sensitive current. These data clarify the results shown in Fig. 7A and are in accordance with the Western blot data shown in Fig. 5 .
DISCUSSION
The present study was intended to define the interrelation between IR and IGF-1R in murine CCD cells. Our experiments demonstrated that both insulin and IGF-1 stimulate amiloridesensitive ENaC-mediated currents in these cells. Insulin and IGF-1 demonstrated concentration-dependent effects on ENaC-mediated currents with EC 50 values of 8.8 Ϯ 2.4 and 14.5 Ϯ 0.5 nM (110.5 Ϯ 4.2 ng/ml), respectively. Theilig et al. (36) reported that increased ENaC expression was observed with insulin-and IGF-1-mediated apical stimulation of mpkCCD cl4 cells. To study the distribution of the receptors in cultured polarized mpkCCD cl4 cells, we tested insulin and IGF-1 applied to the apical side of the monolayer; neither insulin nor IGF-1 applied apically resulted in any induction of the amiloride-sensitive current (Fig. 3) . This is consistent with the data of Gonzalez-Rodriguez et al. (18) indicating that the effects of IGF-1 and insulin are mediated by receptors located at the basolateral membrane.
Western blot analysis revealed the effects that insulin and IGF-1 have on the phosphorylation of the corresponding receptors. We assessed expression levels of IR and IGF-1R in their phosphorylated states (pIR and pIGF-1R). Incubation with insulin increased both pIR and pIGF-1R abundance, whereas IGF-1 influenced the phosphorylation of IR to a much lesser extent. Levels of total IGF-1R and IR were not affected by hormonal treatments.
To specify the interrelation between actions of insulin and IGF-1 on IR and IGF-1R, we applied the IGF-1R and IR inhibitors PPP and AG-1024. Our results show that neither PPP nor AG-1024 had effects on the abundance of total IR and IGF-1R. AG-1024 (500 nM) decreased both insulin-and IGF-1-stimulated induction of the amiloride-sensitive current; treatment with 500 nM PPP also partially prevented the effects of IGF-1 on ENaC-mediated currents. This result, most likely, should be attributed to the fact that both PPP and AG-1024 exhibit nonspecific inhibitory effects toward phosphorylation of IR and IGF-1R. To briefly summarize, experiments using these pharmacological agents should be carefully considered since the autophosphorylation site, which most antibodies are designed for (Tyr 1131/1135/1136 for pIGF-1R and Tyr 1158/1162/1163 for pIR) is very conserved between IR and IGF-1R. Furthermore, PPP is actually inhibits phosphorylation at this site.
Nevertheless, it appears that there is an interrelation between the effects of IGF-1 and insulin on ENaC activity. These data add to our previous findings about the effects of insulin in IR knockout animals (29); we hypothesized there that insulin acutely increases ENaC activity via its own receptor, affecting channel P o . Interestingly, our patch-clamp single channel measurements in freshly isolated split-open mouse tubules showed that insulin treatment enhanced ENaC activity in tubules isolated from wild-type mice but did not have this effect in IR knockout mice (29) . Similarly, we (33) previously demonstrated that IGF-I acutely increases the P o of ENaC in mpkCCD cl4 cells and native principal cells in a phosphatidylinositol 3-kinase-dependent manner. Gonzales-Rodriguez et al. (18) studied the effects of IGF-1 and insulin in mCCD cl1 cells and suggested that this cell line is highly responsive to IGF-1, and not insulin, and that the observed insulin and IGF-1 responses were mainly signaled through IGF-1R and not IR. However, their observations regarding insulin responsiveness could be affected by the long exposure of cells to insulin under the culturing conditions, and this could explain the decreased insulin sensitivity. In our experiments, mpkCCD cl4 cells were responsive to both insulin and IGF-1 with similar EC 50 values, although the time course of the response was different. The authors note that insulin circulating levels are low on fasting and increase after feeding, whereas free plasma IGF-1 does not fluctuate during the circadian cycle (16) . Therefore, IGF-1 could be one of the hormones maintaining basal levels of Na ϩ reabsorption, whereas insulin could determine acute Na ϩ balance. Taken together with previously published data, our results contribute to the understanding of the interdependence of insulin/IGF-1 signaling; as shown in Figs. 5 and 7, insulin has the ability to induce the phosphorylation of both IR and IGF-1R to the same extent, whereas IGF-1R has a lower affinity to IR compared with its own receptor. The electrophysiological data (Fig. 7) demonstrate that IGF-1 is unable to additionally stimulate ENaC-mediated currents once insulin has saturated IR and IGF-1R. However, saturating concentrations of IGF-1 allow room for the stimulation of ENaC currents by insulin. This led us to the hypothesis that insulin can stimulate two intracellular pathways (likely involving both IR and IGF-1R), whereas IGF-1 signaling only saturates one of these pathways. This conclusion further suggests that the action of insulin is essential for ENaC activity, whereas IGF-1 might be responsible for the activation of a pathway that could be a compensatory pathway for the maintenance of renal function related to Na ϩ reabsorption in CCD principal cells. However, this can get more complicated if hybrid receptors are formed, by combination of IR and IGF-1R, through which both hormones can transduce the signal with different affinities (20) . Nevertheless, it is clear that insulin signaling is the predominant pathway responsible for the activation and maintenance of ENaC reabsorption in cells of the CCD.
In summary, manipulation of IR and IGF-1R is a promising means of treating kidney diseases associated with abnormalities in Na ϩ reabsorption mediated via insulin and IGF-1 signaling. Additional studies using transgenic models with knockouts of IR and IGF-1R in principal cells of the CCD are required. Double knockout of IR and IGF-1R should also provide important information about role of these receptors in the development of kidney disease and hypertension.
